The moderately halophilic bacterium Halobacillus halophilus carries a homologue of LuxS, a protein involved in the activated methyl cycle and the production of autoinducer-2, which mediates quorum sensing between certain species. luxS of H. halophilus is part of an operon that encodes an S-adenosylmethionine-dependent methyltransferase, a cysteine synthase, and a ␤-cystathionine lyase. Expression of luxS was growth phase dependent, with maximal expression in the mid-exponential growth phase. In addition, transcription of luxS was strictly salt dependent; maximal mRNA concentrations were observed with 2.0 M NaCl in the growth medium. Chloride ions stimulated luxS transcription by a factor of three. Western blot analyses demonstrated a growth phase-and salinity-dependent production of LuxS. Moreover, cellular LuxS levels were strictly chloride dependent. Maximal accumulation of LuxS was observed at 0.5 to 1.0 M Cl ؊ and depended on the salinity.
The moderately halophilic bacteria are a specialized group of organisms that are strictly salt dependent for growth. About 0.5 M of NaCl is required for optimal growth, and most interestingly, cells are able to grow over a rather wide range of external salinities (0.5 to 2.0 M), at similar rates, to comparable yields (31) . The cellular responses to elevated environmental salinities are plentiful and involve structural changes in cell walls and changes in the cellular protein composition as well as the accumulation of solutes to prevent loss of cytoplasmic water (13, 19, 20) . This behavior must involve signaling of the different salt concentrations and the presence of regulatory networks leading to differential gene expression and protein activation (16, 29, 32) .
Halobacillus halophilus is a moderately halophilic, gram-positive bacterium isolated from a salt marsh at the North Sea coast of Germany (4) . It grows optimally at 0.5 to 2.0 M NaCl and requires Na ϩ for growth, a feature that it shares with other halophiles and nonhalophiles (1, 9, 17 ). An outstanding feature of H. halophilus is its chloride dependence for growth (23) . H. halophilus is the first bacterium for which a chloride dependence has been demonstrated. H. halophilus accumulates compatible solutes, but not KCl, to counterbalance the external salt concentration (28) , and therefore a function of Cl Ϫ solely as an intracellular anionic osmolyte is excluded. Apart from growth, different physiological activities, such as germination of endospores, activation of transport of the compatible solute glycine betaine, motility, and flagellum production, were identified as Cl Ϫ -dependent processes (11, 21, 24) . To identify components of the regulatory network, we compared the cellular protein contents of cells grown under different conditions. These analyses revealed six proteins that were upregulated by the chloride concentration. Their N termini were sequenced, and this sequence was used to identify similar proteins in the database (22) . Because the cellular functions of the deduced proteins were rather dissimilar, we speculated about the presence of a chloride regulon by which the cells sense and respond to changes in the salinity of the medium (18) .
Based on analysis of a short stretch of 18 N-terminal amino acids, one protein upregulated by the chloride concentration was tentatively identified as LuxS. This was a rather interesting finding, since LuxS is a well-characterized protein in several bacteria, where it has dual functions: first, it is involved in the metabolism of S-adenosylmethionine (SAM) by the so-called "activated methyl cycle" (AMC), and second, one of the products of the LuxS-catalyzed reaction leads to the production of autoinducer-2 (AI-2), which is involved in quorum sensing in gram-negative and gram-positive bacteria (3, 10, 27, 30, 33, 34) . In contrast to species-specific communication signals, AI-2 mediates interspecies communication (3, 27, 34) . A function of LuxS in regulatory networks is interesting in the context of a chloride regulon involved in salt perception and response in H. halophilus. Although quorum sensing has not been described for moderate halophiles, it may be involved in salt perception, a process still not understood for moderate halophiles in general. These considerations have prompted us to analyze this protein and its encoding gene in more detail. Here we address the issue of the genomic organization of luxS and its regulation.
(Invitrogen, Karlsruhe, Germany). Following 32 P labeling, probes were separated from unincorporated nucleotides by using a QIAquick nucleotide removal kit (QIAGEN, Hilden, Germany). The specificities of the probes were confirmed by Southern blot analyses as described previously (25) .
Northern blots. Cells were grown in NB supplemented with 0.05 M magnesium sulfate and different salts and concentrations, as indicated. A 40-ml portion of the culture was harvested by centrifugation and resuspended in 200 l TE buffer (10 mM Tris, 1 mM EDTA [pH 8.0]). Six milligrams of lysozyme was added, and the cells were incubated at room temperature for 3 min. Following centrifugation, the sediment was resuspended in 1 ml of PeqGOLD RNApure (peqLAB, Erlangen, Germany) heated up to 65°C for total RNA isolation. After incubation for 10 min at room temperature, the samples were frozen with liquid nitrogen. After thawing of the samples, 100 l of chloroform was added, and the following steps were performed according to the instructions of the manufacturer (peqLAB, Erlangen, Germany). RNAs were dissolved in water (RNase-free through diethyl pyrocarbonate treatment), and the total RNA concentration was determined by spectroscopy. RNA preparations contained 0.6 to 1 mg RNA/ml. Denaturing agarose gel electrophoresis of RNAs in the presence of formaldehyde, transfer to Hybond N nylon membranes (Amersham Biosciences, Freiburg, Germany), and Northern blot hybridization were performed essentially as described previously (25) . Finally, the blots were visualized using Kodak storage phosphor screens and a Storm 860 laser scanner (GE Healthcare Europe GmbH, Munich, Germany). Densitometric analyses were performed with Image Quant software.
RT-PCR. Residual DNA contamination of the total RNA samples was removed by DNase I treatment (Boehringer, Biberach, Germany). The success of this treatment was checked by PCR. RNAs were considered DNA-free when no product was produced under conditions where a clear product was gained with chromosomal DNA as the template. Two micrograms of this isolated total RNA from a mid-exponential-phase H. halophilus culture grown on NB (supplemented with 2 M NaCl) was used in a reverse transcriptase (RT) reaction. For the experiment, an Omniscript RT kit (QIAGEN, Hilden, Germany) and the indicated oligonucleotides were used. The RT reaction was performed according to the method in the instruction manual. Subsequently, a PCR with the indicated oligonucleotides was performed, using the cDNA from the RT reaction as the template. The oligonucleotides used in this experiment are listed in Table 1 .
SDS-PAGE and immunoblots. Cells were harvested by centrifugation (8,000 ϫ g, 15 min), washed once with 1 ml of washing buffer (0.05 M magnesium sulfate and an appropriate salt concentration), and resuspended, after centrifugation (10,000 ϫ g, 4 min), in denaturing buffer as described previously (26) . The samples were boiled for 15 min. Proteins were separated by SDS-PAGE on 12.5% gels and transferred to nitrocellulose membranes (Whatman, Dassel, Germany), using a semidry blotting chamber (Bio-Rad, Munich, Germany). Membranes were blocked with 1% skim milk powder in PBST (140 mM NaCl, 10 mM KCl, 6.4 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , 0.05% Tween 20) for 1 h, washed four times in PBST for 20 min, and incubated with antisera (0.75 l/ml PBST) for 2 h. The membranes were washed three times with PBST for 20 min and then incubated for 1 h with protein A-horseradish peroxidase conjugate, followed by three additional washing steps (10 min) with PBST. All steps were performed at room temperature. Luminescence was detected using a chemiluminescence blotting substrate from Roche Molecular Biochemicals (Mannheim, Germany), and signals were detected by autoradiography with Kodak X-OMAT-AR film. DNA sequence determination. DNA sequences were retrieved from the genome sequence of H. halophilus, which will be described elsewhere.
Nucleotide sequence accession numbers. DNA sequences were deposited in the GenBank database with the accession numbers EF088800 (orf1), EF088801 (orf2), EF088802 (luxS), EF088803 (orf4), EF088804 (orf5), and EF088805 (orf6).
RESULTS

Genetic organization of luxS in H. halophilus.
Previously, we reported the chloride-dependent regulation of several proteins in H. halophilus (22) . One was tentatively identified as a homologue of LuxS based on BLAST analyses with the N-terminal sequence MQMNVEVFNLDHTKVKAP. We have now used the N-terminal sequence to identify the corresponding gene in the genome of H. halophilus. The sequence exactly matches the sequence derived from only one open reading frame. This open reading frame is 459 bp long and starts with an ATG codon. Upstream of the ATG is a well-placed and conserved Shine-Dalgarno sequence. The deduced protein sequence is very similar to those of the LuxS proteins of several other bacteria (see below), and therefore the gene was designated luxS. Inspection of the genomic sequence did not reveal another open reading frame that encodes a protein with similarity to LuxS. luxS is part of a cluster of four genes ( Fig. 1) . Upstream of luxS is an open reading frame of 642 bp (orf2) that is separated from luxS by only 3 bp. Downstream of luxS are two open reading frames: orf4 is separated by only 5 bp from luxS, and orf5 is separated from orf4 by only 18 bp. The cluster is flanked at the 5Ј end by orf1 and at the 3Ј end by orf6, which are separated from the cluster by 160 and 115 bp, respectively. In front of orf2 is a putative A -dependent promoter. This promoter lies 48 bp upstream of the translational start point (ATG) of orf2 and is 90% identical to the consensus sequence for the corresponding factor in Bacillus subtilis. No similarity to a B -dependent promoter (essential in the stress response) was found. Additionally, a putative terminator sequence was identified downstream of orf5 by inspection of the DNA sequence. Here the sequence shows a dyadic symmetry that is able to form a stem-loop at the RNA level, followed by seven thymidine bases. These data suggest that orf2, luxS, orf4, and orf5 form a transcriptional unit.
To determine the transcriptional organization of luxS, cells were grown in 2 M NaCl in NB to late exponential growth phase, and total RNA was isolated and reverse transcribed, using gene-specific primers that bind in luxS or orf4. PCR with primers that bind in orf4 or luxS and primers 1 to 3 ( Fig. 1A ; Table 1 ) gave amplification products of the expected sizes (Fig.  1B) . There was no amplification product by using the orf4 primer and primer 2, but there was a product by using the orf4
FIG. 1. Genomic organization of luxS.
Panel A displays the genomic organization of luxS, and panel B shows the results of PCR analyses to determine the transcriptional organization. Total RNA from H. halophilus cells grown in NB in the presence of 2 M NaCl was isolated and transcribed into cDNA, using the indicated primers. The resulting cDNAs were used for further PCR analyses with primers 1, 2, and 3 in combination with the luxS or orf4 primer. Primer binding sites are indicated with arrows. The resulting PCR products were separated in 0.8% agarose gels. The resulting fragments are shown in the right part of panel B. As a positive control, chromosomal DNA was used in the same PCRs (left part of panel B). As a negative control, the PCRs were performed with the same RNAs with which cDNAs were produced to ensure that the RNAs were free of DNA prior to transcription to cDNAs (data not shown).
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LuxS PROTEIN OF H. HALOPHILUS 373 primer and primer 3. The inability to amplify a product with the orf4 primer and primer 2 might result from inefficient binding of primer 2 and/or premature transcription termination from site 2. These data clearly show that orf2, luxS, and orf4 are part of one transcriptional unit. This was confirmed using specific, 32 P-labeled primers for cDNA synthesis (data not shown). Furthermore, we were able to amplify a region that covers part of orf4 and orf5 (Fig. 2 ), but we were never able to obtain products that bridge orf1 and orf2 or orf5 and orf6. Therefore, it was concluded that orf2, luxS, orf4, and orf5 comprise an operon.
Properties of the products of the luxS operon of H. halophilus. The deduced LuxS protein has 152 amino acids and a predicted molecular mass of 17.3 kDa and is very similar to the LuxS proteins from Oceanobacillus iheyensis (153 amino acids [aa]; 72% identity and 90% similarity), Staphylococcus aureus (156 aa; 72% identity and 86% similarity), and Chromohalobacter salexigens (155 aa; 70% identity and 86% similarity) (Fig. 3 ). Orf2 has a predicted molecular mass of 24.2 kDa and is similar to S-adenosylmethionine-dependent methyltransferases from Bacillus licheniformis (45% identity and 67% similarity), Bacillus sp. (46% identity and 66% similarity), and Geobacillus kaustophilus (48% identity and 65% similarity). Orf4 and Orf5 have deduced molecular masses of 32.9 kDa and 41.4 kDa, respectively. They are similar to cysteine synthases (from Bacillus cereus [68% identity and 81% similarity], Geobacillus kaustophilus [65% identity and 79% similarity], and Bacillus thuringiensis [67% identity and 81% similarity]) and cystathionine-␤-lyases (from Bacillus sp. [72% identity and 84% similarity], Bacillus licheniformis [68% identity and 82% similarity], and Geobacillus kaustophilus [68% identity and 82% similarity]), respectively. orf1 encodes a putative ATP-dependent RNA helicase with a deduced molecular mass of 44.4 kDa, and orf6 encodes a Expression of luxS is growth phase and NaCl dependent in H. halophilus. To determine the cellular levels of luxS transcripts, Northern blotting using a luxS-specific probe was performed. Southern analyses confirmed the specificity of the probe (data not shown). As a control, the level of atpD, which encodes the ␤ subunit of the F 1 F 0 ATP synthase, was monitored. H. halophilus was grown in NB at a salinity of 0.5, 1.0, or 2.0 M NaCl, and samples were taken at early or mid-exponential growth phase and at stationary phase (Fig. 4) .
Regulation of luxS transcription was clearly growth phase dependent. luxS transcripts were close to the detection limit in early exponential (optical density at 600 nm [OD 600 ] ϭ 0.3) or early stationary (OD 600 ϭ 7) phase ( Fig. 5A and C) . However, in exponentially growing cells (OD 600 ϭ 2), luxS transcripts were detectable. As shown in Fig. 5B , fragments of 0.7, 1.3, 3.2, and 4.0 kbp reacted with the probe. The 4.0-kb fragment corresponds to a fragment that could cover orf2, luxS, orf4, and orf5, and the smaller fragments may represent fragments that arose by (nonspecific or specific) degradation or by transcription initiation from a different promoter. The smallest fragment, of 700 bp, had the strongest intensity, and based on its size, it may represent luxS only. Most interestingly, expression of luxS was strongly salt dependent. Quantification revealed an 11-fold increase of the 700-bp fragment from 0.5 to 2.0 M salt.
Cellular levels of LuxS are salt dependent. To confirm the salt-dependent expression of luxS, the cellular levels of LuxS in cells grown to mid-exponential growth phase were determined by Western blotting using a LuxS-specific polyclonal antiserum. It is evident from Fig. 6A that the cellular concentration of LuxS increased with increasing salinity. Maximal levels FIG. 5 . Transcription of luxS is growth phase and salinity dependent. H. halophilus cells were cultivated in the presence of 0.5, 1.0, or 2.0 M NaCl, and samples were taken in the early exponential, mid-exponential, or stationary growth phase in order to isolate total RNA (see Fig. 4 ). For Northern blot analysis, 10 g of total RNA was separated in a 1.5% denaturing agarose gel and blotted on a nylon membrane. As a loading control, a specific probe for atpD, which encodes the ␤-subunit of the F 1 F 0 ATP synthase of H. halophilus, was used. The results of the aforementioned experiments are in line with the hypothesis that the cellular concentration of LuxS is salt dependent. However, given the chloride dependence of gene expression and protein production in H. halophilus (22) , the effects could also be interpreted to result from an increased chloride concentration. To address this possibility, the experiments were repeated with cells grown at a constant chloride concentration of 0.5 M (supplied as NaCl) but with an increasing salt concentration (by the addition of NaNO 3 ). These experiments revealed the same magnitudes in the increases of luxS transcripts and cellular LuxS levels as those seen before (data not shown). Taken together, these results clearly demonstrate a NaCl dependence of cellular LuxS levels.
Transcript levels of luxS are chloride dependent. To address a potential role of chloride in the regulation of luxS transcription, cells had to be grown in the absence and presence of chloride. It should be remembered that H. halophilus does not grow in the presence of Na 2 SO 4 but can adapt to 1 M NaNO 3 after prolonged incubation, although growth is much slower and does not reach the final optical densities observed in the presence of NaCl (23) . Cells were grown with 1.0 M NaCl or 1 M NaNO 3 , and cellular levels of luxS transcripts were determined by Northern blot analyses. As shown in Fig. 7 , luxS transcripts were increased threefold in the presence of chloride. When the chloride concentration was varied from 0. To gain isosmotic conditions, aliquots of NO 3 Ϫ were added. Cells were harvested in the mid-exponential growth phase (see Fig. 4 ), and 20 g of protein was used for Western blot analysis with a LuxS-specific antibody.
FIG. 7. Transcription of luxS is Cl
Ϫ dependent. H. halophilus was cultivated in complex medium in the presence of 1 M NaCl or 1 M NaNO 3 . Total RNA was isolated from cells that were grown to the mid-exponential growth phase. For Northern blot analysis, 10 g of total RNA was loaded per lane and separated in a 1.5% agarose gel. After blotting of the RNA on a nylon membrane, it was hybridized with a probe specific for luxS. As a loading control, a probe specifically binding atpD, encoding the ␤-subunit of the F 1 F 0 ATP synthase, was used. . These experiments demonstrate an increase of luxS transcripts in the presence of chloride, but maximal levels were already observed at 0.5 M NaCl when the total salt concentration was set at 1.0 or 2.0 M salt. Cellular levels of LuxS are chloride dependent. Previously, we had shown that the cellular level of the structural component of the flagellum, flagellin (FliC), was much more affected by chloride than was the transcript level of fliC (24) . Therefore, we determined the effect of chloride on the cellular levels of LuxS in H. halophilus grown in NB in the presence of different salts. In cells grown in the presence of 1.0 M NaNO 3 , LuxS was hardly detectable. However, in cells grown with 0.5 M NaCl plus 0.5 M NaNO 3 , LuxS was readily detectable. A further increase of the Cl Ϫ concentration to 1 M did not lead to a concomitant increase in the LuxS level. These experiments were repeated at a salinity of 2 M, which was shown to be optimal for LuxS production. The salt concentration was kept constant by appropriate addition of NaNO 3 . Again, in the absence of Cl Ϫ , there was no LuxS detectable in the cells, but the level increased dramatically at 1.0 and 2.0 M Cl Ϫ (Fig. 6B) . These experiments clearly demonstrated a strict chloride dependence of the cellular level of LuxS.
DISCUSSION
The data presented here demonstrate for the first time the presence of LuxS, a protein involved in the AMC and in quorum sensing, in a moderate halophile. The cellular LuxS concentration was strongly dependent on the salinity of the medium. At 0.5 M NaCl, cellular LuxS levels were close to the detection limit. At 1.0 M NaCl, levels increased dramatically, but maximal cellular LuxS concentrations were observed at 2.0 M NaCl. The growth rates remained comparable under these conditions, so growth rate-dependent regulation can be excluded. In addition, LuxS levels were strictly chloride dependent. The highest levels were already observed at 0.5 M Cl Ϫ (with 1.0 M sodium salts) or 1.0 M Cl Ϫ (with 2 M sodium salts). Furthermore, LuxS levels were dependent on the growth phase, with a maximal concentration in exponentially growing cells. Obviously, the LuxS level is regulated by different stimuli, including salinity, chloride, and growth phase. Regulation by various factors is indeed observed very often and reflects the requirement of cross talk between different regulatory networks. Expression of luxS in some other prokaryotes is regulated by the growth phase, and genome-wide expression profiling with E. coli revealed that luxS expression is part of a general stress response system (7). An interesting scenario could involve regulation of the AMC by the growth phase and regulation of the AI-2-associated functions by chloride. Growth phase dependence of LuxS production has been observed before in gram-negative and gram-positive organisms (8, 15) , but salt-and chloride-dependent regulation of LuxS production is demonstrated here for the first time.
The only other component of the chloride regulon of H. halophilus characterized to date is FliC. Motility of H. halophilus is chloride dependent, and it turned out that the production of the major component of the flagellum, flagellin (FliC), is strongly chloride dependent (24) . There is a common motif in the regulation of FliC and LuxS: gene expression was only marginally stimulated by Cl Ϫ , but synthesis of the proteins was strictly dependent on Cl Ϫ . Therefore, different regulatory layers, i.e., transcription, posttranscription, translation, or posttranslation, might be simultaneously and/or differently affected by Cl Ϫ . Precedence for different layers of regulation is plentiful. One well-studied system is the synthesis of the E. coli alternative sigma factor s , whose production is regulated on different levels (22) .
LuxS mutations abolish AI-2 production, and this leads, for example, to Escherichia coli K-12 or Campylobacter jejuni cells LuxS is part of the AMC, which serves in the cycling of building blocks for SAM biosynthesis (Fig. 8) (30) . The cellular function of SAM is that of a methyl group donor for various purposes, giving rise to a methylated product and S-adenosylhomocysteine (SAH). SAH is converted to homocysteine (HCY) by one of two possible routes: in one pathway, SAH is hydrolyzed in a single-step reaction to HCY by SAH hydrolase, and in another pathway, SAH is converted by the enzyme S-adenosylhomocysteine nucleosidase (Pfs) to S-ribosylhomocysteine, which is converted by LuxS to 4,5-dihydroxypentane-2,3-dione (DPD) and HCY. The latter is methylated to yield methionine, which is the precursor again of SAM. A pfs gene is also present on the chromosome of H. halophilus, and preliminary data suggest that its expression is also salt dependent. A SAH hydrolase gene could not be found in the genome, indicating that H. halophilus uses the two-step pathway for detoxification of SAH. In some bacteria, notably gram-positive bacteria, luxS is part of an operon encoding proteins, such as CysK, MetA, MetB, and MetE, that might be involved in restoration of the cellular HCY pool from cysteine. The luxS operon of H. halophilus encodes proteins potentially involved in the AMC cycle. Orf4 is similar to cysteine synthase/o-acetylserine lyase, an enzyme involved in the biosynthesis of cysteine from O-acetylserine and H 2 S. Orf2 is similar to SAM-dependent transferases and therefore might be involved in demethylation of SAM to SAH. Orf5 is similar to cystathionine-␤-lyase (EC 4.4.1.8). The enzyme catalyzes the reaction L-cystathionine ϩ H 2 O 3 L-homocysteine ϩ NH 3 ϩ pyruvate and could therefore be involved in the production of homocysteine from cystathionine. This is, at least to the best of our knowledge, the first case in which luxS is organized in an operon together with three genes with potential function in the AMC or in generating building blocks for the AMC.
The by-product of the LuxS-catalyzed reaction, DPD, is the precursor of AI-2. It was beyond the scope of this paper to prove the production of AI-2 by H. halophilus, but this seems likely. Quorum-sensing signals confer multicellular behavior to planktonic microbes. This includes, for example, the production of pathogenicity factors, secretion of catabolic enzymes, biofilm formation, and motility (5, 6, 15, 34) . The last two behaviors might also be regulated by LuxS in H. halophilus. Biofilm formation has not been observed in H. halophilus, but at least the cell surface structure changes with the chloride concentration. This is at least an indication of chloride-induced morphological changes. Morphologically, cells of H. halophilus build sarcina-like structures. These are motile, and motility requires the coordinated synthesis of flagella in individual cells in the sarcinas. Again, the production of flagella is chloride dependent.
In summary, LuxS is the second identified protein of H. halophilus that is produced only in the presence of chloride. LuxS, via its involvement in quorum sensing, might be a central player in the chloride regulon of H. halophilus.
